It is known that alternating magnetic field applications on eukaryotic cells loaded with single domain iron oxide nanoparticles result in high hyperthermic citotoxicity leading to cell dead.
Photothermal Therapy 3 , targeted delivery of anticancer drugs and genes 4 , and Photodynamic Therapy 5 . These new therapies are meant to be less invasive, more efficient and displaying minor side effects.
The MH oncologic therapy is based on the ability of magnetic nanoparticles (MNPs) to induce cancer-cell death upon exposure to an alternating magnetic field (AMF).This AMF is typically of a field driven frequency around100 kHz and a field amplitude of 15 kA/m. It is believed that cancer cells are killed only when the tumour temperature is raised above 42 °C. Cancer-cell death is due to pathobiological effects such as modification of the normal structures of phospholipids, proteins, and nucleic acids, leading to the deterioration of cell-structure integrity 6 .
4
MH therapy is already under clinical trials 7 . Although a great breakthrough has been achieved in many aspects involved in the establishment of this methodology (by itself or combined with more conventional methodologies like radio and chemo therapies), a series of controversial in vitro results have been reported. In these experiments, cell death was achieved without an average global temperature increase of the cell culture [8] [9] [10] . For instance, Villanueva et al. 8 have
shown that the application of an AMF (100 kHz and 12 kA/m) to HeLa tumour cells previously incubated with silica-coated manganese oxide, induced significant cellular damage leading to cell death, although the temperature increase in the cell culture (initially at 37 °C) during the MH treatment was lower than 0.5 °C. Marcos-Campos et al. 9 have reported a viability decrease from 90 % to 2-5 % in monocyte-derived dendritic cells, previously loaded with positively and negatively charged magnetite nanoparticles (coated with COOH-or with NH2+ functional groups), after 30 min exposure to an AMF of 260 kHz and 13 kA/m. In spite of this, only a temperature increase of 2 °C, over an initial value of 26 °C, was registered. More recently, DiCorato et al. 10 have carried out systematic measurements of both hyperthermia and magnetic properties in controlled cell environments, using human ovary adenocarcinoma SKOV-3 cells and a wide range of nanomaterials. These authors have reported a systematic fall in the heating efficiency for nanomaterials associated with tumour cells. In agreement with these experiments dealing cells that have internalized the MNPs by unspecific way, similar results have been also
shown for in vitro experiments involving more complex receptor-mediated endocytosis process.
Creixell et al. 11 have analysed the internalization of iron oxide nanoparticles coated with carboxymethyldextran and conjugated to epidermal growth factor (EGF) in breast human MDA-MB-468 and MCF-7 cells. The binding of EGF to the epidermal growth factor receptor resulted in a significant reduction in cell viability and in a clonogenic survival up to 40 % in a thermal-5 heat dose-dependent manner. It was found that viability reduction further increased up to 99.9 % by 120 min application of AMF of 233 kHz and 37.5 kA/m, but without a perceptible temperature rise during the experiment. Domenche et al. 12 have reported the manipulation of lysosome-membrane permeability for selectively killing cancer cells by targeting MNPs to the lysosome and exposing them to an AMF of 233 kHz and 42 kA/m. These authors have suggested that energy dissipated by MNPs associated to lipid membranes under an AMF, leads to the membrane permeabilization. They have also shown that this effect correlates with the production of reactive oxygen species and with a decrease in tumour cell viability. Amstad et al. 13 have
shown that upon AMF application, iron-oxide containing liposomes delivered their cargo, even though the heat released was insufficient to reach membrane melting temperature.
These results cast doubt on the causes and mechanisms involved in cell death during MH treatments. MNPs dispersed in fluid, gel or solid matrix are known to release heat through Néel and/or Brown relaxation mechanisms when they are exposed to AMFs 14 . The heat dissipation is related to the out of phase magnetic susceptibility due to the phase lag of the magnetic response behind the applied field. However, cell-internalized MNPs group inside endosomes of about 1-2 µm size, constituting magnetic endosomes which themselves have a resultant magnetic moment.
These magnetic endosomes can align in the direction of an applied field forming chains 15 . In this case, the MNPs may locally release heat due to the relaxation of the MNP magnetic moment and/or due to the elastic and viscous response of the cell cytoskeleton to the mechanical rotation and vibration of the magnetic endosome. Microrheology and measurements of the intrinsic strain fluctuations of living cells have shown that the cytoskeleton is a highly dynamic, actively stressed network that can be treated as a course-grained continuum 16 . On the other hand, the 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 molecule, has been employed to probe the temperature profile at the surface of iron oxide nanoparticle functionalized with poly(ethylene glycol) when they are exposed to AMF. In that setup the fluoresceineamine dye was attached to a thermo labile azo linker and dye release was monitored by photoluminescence 17 . Alternatively, temperature probing has been achieved by monitoring the fluorescence polarization anisotropy of GFP. The method was tested on GFP transfected HeLa and U-87 MG cancer cell lines surrounded by gold nanorods exposed to photothermal heating 18 .
Here, we attempt to fill this point by means of measuring the stress-inducible gene expression in modified A549 cells that express EGFP when internalized with MNPs and exposed to an AMF.
The lentiviral vector used to modify A549 cells contains the stress-inducible internal human HSP70B promoter, which directs EGFP expression. These modified A549 cells (from now on 
Materials and methods

Aqueous magnetic suspension synthesis and characterization
Stable aqueous dispersions of uncoated and citric acid coated magnetite were prepared from iron chlorides as previously described 19 mesh cooper grid). The images were acquired with the sample on a single-tilt sample holder using Gatan MSC798 TV camera, Gatan Digital Micrograph and EMMENU programs.
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Alternating magnetic field application
For AMF application, a field generator consistent of a 2.5 kV power supply and a resonant RLC circuit Hüttinger (2.5/300) was used. The resonator holds an external exchangeable water refrigerated coil. The sample is placed in its centre. For determining the SAR of MNPs in aqueous suspensions a 6-turn coil of 2.5 cm diameter was used, while for living-cell experiments a 5-turn coil of 7 cm diameter was used because it was more suitable for placing in its interior a thermal bath at 37 °C with a Petri dish inside.
To calorimetrically evaluate the SAR of the MNP colloids, a sample of 0.5-1.0 mL was poured in a clear glass Dewar, and exposed to 128, 170 and 260 kHz and field amplitude varying in the range from 16 to 52 kA/m. An optical fiber sensor connected to a calibrated signal conditioner (Neoptix) with an accuracy of ± 0.1 °C was used to measure the colloid temperature during the experiment. The sensor was placed in the center of the sample. Field application was interrupted before reaching 50 °C, in order to minimize solvent evaporation and prevent its destabilization.
The SAR values were calculated from the initial slope experimental SAR values. Each SAR value was determined from three independent experimental heating curves. Technologies, USA), and 1% glutamine solution (Gibco Life Technologies, USA), at 37 °C in a humidified 5 % CO 2 incubator, unless specified otherwise.
Cell culture conditions
Lentiviral vector generation
Cell-free lentiviral supernatants were generated by transient cotransfection of 293T packaging cell line with one of the two transfer vector used in this study (CMV/EGFP or HSP/EGFP, kindly provided by F. Noyan et al. 22 ), together with the packaging constructs: the Gag/Polexpressing plasmid (pMDLg/pRRE), the Rev-expressing plasmid (pRSV-REV) and the envelope plasmid (pCMV-VSVG), as previously described 23 . Viral titers were determined on A549 cells in the presence of 1mg ml -1 geneticin for 2 weeks, yielding vector titers of 10 6 -10 8 TU
(transducing units) ml -1 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Images were acquired with Gatan Erlangshen ES 1000W digital camera.
Transduction of A549 cell line
DC magnetometry was used to determine MNP cell-uptake. Specific magnetization (M) as a function of applied magnetic field (H) at room temperature was obtained using vibrating sample magnetometer (VSM) LakeShore 7404, operated with maximum applied fields µ 0 H max =1.5 T.
For sample preparation, the same growth and incubation protocols as described above were 
Statistical analyses
Comparisons between two samples were performed using Student´s t test. p-values < 0.05 were considered statistically significant. 
Results and discussion
The ability of an assembly of MNPs to induce hyperthermia upon exposure to an AMF (driven field frequency f and field amplitude H 0 ) depends markedly on their physical properties and on the environment where they are located. In general, the specific absorption rate SAR is a parameter that characterizes the ability of an assembly of MNPs (single magnetic domain), of volume V and density ρ, dispersed in a medium of viscosity η, to release heat under an AMF.
This parameter is given by:
, where µ 0 is the free space permeability (4π 10 -7 H/m) and
is the out-of-phase magnetic susceptibility with 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 Mean sizes <D> were derived from size histograms obtained through many TEM images of the MNPs. Representative images and the fitted number log-normal distribution are shown in figure   1 for the three MNPs. Other images and specific data analysis for each MNP are displayed in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In general, the total heat released by the MNPs in a cell must be proportional to the amount of MNPs incorporated by the cell, i.e. proportional to the uptake. It must be also proportional to the capacity of these MNPs to absorb energy from the field and release it into the cell, and to the exposure time. Then, the % EGFP appears as an extensive quantity, which is made intensive dividing it by C. On the other hand, at fixed AMF conditions SAR is proportional to
i.e. it depends explicitly on the relaxation mechanism through the relaxation time. However, in the case of our particles, the distinctive parameter driving specific heat dissipation is Ms. In 
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